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ABSTRACT
Stellar engines are hypothesized megastructures that extract energy from the host star, typically
with the purpose of generating thrust and accelerating the stellar system. We explore the maximum
potential speeds that could be realizable by stellar engines, and determine that speeds up to ∼ 0.1 c
might perhaps be attainable under optimal conditions. In contrast, natural astrophysical phenomena
in the Milky Way are very unlikely to produce such speeds. Hence, astrometric surveys of hypervelocity
stars may place constraints on the abundance of high-speed stellar engines in the Milky Way. In
particular, Gaia DR-2 suggests that less than one in ∼ 107 stars is propelled by stellar engines to
speeds & 0.01 c.
1. INTRODUCTION
The search for signatures of extraterrestrial technolog-
ical intelligence (ETI) - appositely termed “technosig-
natures” by Tarter (2007) - has been dominated by
the quest for artificial electromagnetic signals from the
1960s onward, mostly at radio wavelengths (Drake 1965;
Shklovskii & Sagan 1966; Tarter 2001; Worden et al.
2017; Lacki et al. 2020; Lingam & Loeb 2021); in spite
of the numerous searches conducted hitherto, the frac-
tion of parameter space sampled remains minuscule
(Tarter et al. 2010; Wright et al. 2018). Since the
very inception of this field, however, the potentiality
of non-radio technosignatures was recognized, and its
importance has been increasingly underscored in the
21st century (Dyson 1966; Freitas 1983; Bradbury et al.
2011; Wright et al. 2014; Cirkovic 2018; Lingam & Loeb
2019).
In classifying prospective ETIs, the Kardashev scale
pioneered by the late Nikolai Kardashev has proven
to be a valuable metric (Kardashev 1964; Gray 2020).
The so-called Type II ETIs, for instance, are capable of
harnessing the entire energy output of their host star.
As these ETIs are much more advanced in terms of
their technology than humans, it is anticipated that
their resultant technosignatures would be commensu-
rately more striking. The best known technosignatures
in this category are Stapledon-Dyson spheres - these
megastructures are composed of swarms of objects to
tap the energy of the star (Stapledon 1937; Dyson 1960).
Several searches for Stapledon-Dyson spheres have been
undertaken to date, as reviewed in Wright (2020).
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Another group of megastructures belonging to a sim-
ilar category are stellar engines, which draw upon the
star’s energy to extract useful work and typically gener-
ate thrust. Leonid Shkadov is widely credited with the
first design for a stellar engine wherein a gigantic mir-
ror was deployed to reflect a fraction of the radiation
back onto the host star (Shkadov 1987, 1988). How-
ever, Zwicky (1957, pg. 260) explicitly articulated this
scenario in a wide-ranging monograph:
Considering the sun itself, many changes are
imaginable. Most fascinating is perhaps the
possibility of accelerating it to higher speeds,
for instance 1000 km/sec directed toward α-
Centauri in whose neighborhood our descen-
dants then might arrive a thousand years
hence. All of these projects could be realized
through the action of nuclear fusion jets, us-
ing the matter constituting the sun and the
planets as nuclear propellants.
Looking further back in time, the qualitative notion of
stellar engines appears in Stapledon (1937, Chapter XI),
as seen from the following quote:
The occasion of the first accident was an at-
tempt to detach a star from its natural course
and direct it upon an inter-galactic voyage
. . . Plans were therefore made for projecting
several stars with their attendant systems of
worlds across the vast ocean of space that
separated the two floating islets of civiliza-
tion.
Stellar engines have been explored in several other pub-
lications (Badescu & Cathcart 2000, 2006; Hooper 2018;
Caplan 2019; Svoronos 2020) and methods for detecting
2them during the course of exoplanetary transits were
discussed in Forgan (2013).
In this work, we explore stellar engines from a generic
physical standpoint in Sec. 2, and describe how they
may attain terminal speeds that are sub-relativistic. We
compare these speeds against stars ejected by natural
astrophysical phenomena in Sec. 2, and argue that the
latter cannot reach such large values in the Milky Way.
By making use of this proposition, we examine current
astrometric surveys to set tentative constraints on the
abundance of putative ETIs that develop high-speed
stellar engines in Sec. 3. We end with a summary of
our results and prospects for future work in Sec. 4.
2. MAXIMUM ATTAINABLE STELLAR SPEEDS
We will begin with a synopsis of the maximal speeds
realizable by ejected stars and by stellar engines.
2.1. Maximum speeds of ejected stars in astrophysical
systems
The maximum speed (vmax) achievable by stars
ejected after tidal disruption of a stellar binary sys-
tem by Sagittarius A* was computed in the classic
analysis by Hills (1988), and it was concluded that
vmax ≈ 1.3 × 10−2 c; see also Yu & Tremaine (2003);
Brown (2015). Subsequent numerical simulations by
Sari et al. (2010, Section 8) determined that the maxi-
mum speed of the least massive object in a triple system
that underwent ejection is given by
vmax ≈ 1.3
√
2GM2
R2 +R3
(
M1
M2 +M3
)1/6
, (1)
where M1 denotes the mass of the supermassive black
hole (SMBH), whileMj and Rj are the masses and radii
of the stellar binary system that is subjected to tidal
breakup (j = 2, 3), where M3 < M2. We adopt M1 ≈
4× 106M⊙ for Sagittarius A* (Boehle et al. 2016), and
substituting this value into the above equation yields
vmax ≈ 3.4× 10−2 c
(
M2
M⊙
)1/2 (
R2 +R3
R⊙
)−1/2
×
(
M2 +M3
M⊙
)−1/6
, (2)
and this expression is considerably simplified when M3
is at least a few times smaller than M2, and using the
scaling R2 ∝ M0.82 for main-sequence stars (Tout et al.
1996). In this optimal situation, we end up with
vmax ≈ 3.4× 10−2 c
(
M2
M⊙
)−0.07
, (3)
which implies that vmax is nearly independent of M2.
Hitherto, we have assumed that M2 is a main-sequence
star, but the other extreme is to consider a stellar-mass
black hole instead. The resultant maximum speed was
calculated in Guillochon & Loeb (2015, Equation 5):
vmax ≈ 6.7× 10−2 c
(
M2
10M⊙
)1/6(
M3
M⊙
)−0.12
, (4)
whereM2 is the mass of a typical stellar-mass black hole
and M3 is the mass of the ejected star.
Thus, it is apparent from the preceding formu-
lae that achieving vmax > 0.1 c is very unlikely
for gravitational triple interactions in our Galaxy.
In fact, even ejected stellar speeds larger than
∼ 0.01 c are rarely attained in numerical simula-
tions, as seen from the probability distributions of
ejected velocities in Bromley et al. (2006); Kenyon et al.
(2008); Ginsburg et al. (2012); Rossi et al. (2014);
Generozov & Madigan (2020). Faster speeds of & 0.1 c
are realizable in theory but require one of the stars in
the stellar binary system to be replaced by a SMBH
instead (Guillochon & Loeb 2015; Loeb & Guillochon
2016; Darbha et al. 2019); however, this specific scenario
is manifestly not applicable to the Milky Way.
Aside from the Hills mechanism and its variants men-
tioned earlier, it is necessary to gauge whether other
avenues can eject stars at similar speeds. One pro-
cess entails the disruption of the binary when one of
the objects undergoes a core-collapse supernova and
leads to the ejection of the other objects (Blaauw
1961; Boersma 1961). Numerical simulations indicate,
however, that the maximal speeds of ejection are .
0.01 c (Tauris 2015; Evans et al. 2020). Another pos-
sibility is the “dynamical ejection scenario” whereby
dynamical ejection from stellar clusters is facilitated,
typically at speeds of order . 10−3 c (Poveda et al.
1967; Leonard 1991; Oh & Kroupa 2016). Lastly, one
could replace the SMBH with an intermediate mass
black hole or a series of stellar-mass black holes, but
the resulting speeds of ejected stars are . 0.01 c
(Gualandris & Portegies Zwart 2007; O’Leary & Loeb
2008; Fragione & Gualandris 2019). In all these pro-
cesses, the speeds attained are smaller than vmax for the
Hills mechanism; see (3) and (4).
2.2. Stellar engines: potential speeds
The Shkadov thruster, which is an example of a Class
A stellar engine, will reach the velocity v after an interval
∆t as follows (Badescu & Cathcart 2000, Equation 34):
v ≈ 3.4× 10−5 c
(
∆t
1Gyr
)(
L
L⊙
)(
M⋆
M⊙
)−1
, (5)
where L⋆ and M⋆ are the luminosity and mass of the
star. In order to compare the speeds of stellar engines
against those presented in Sec. 2.1, it is necessary to
assess their maximal values.
It is reasonable to assume that the maximum speed
is attained when ∆t ≈ t⋆, where t⋆ denotes the main-
sequence lifetime of the star. From the scaling t⋆ ∝
3M⋆/L⋆ (Hansen et al. 2004, Equation 1.90), we find that
vmax would become independent of stellar properties;
after simplification, we obtain vmax ≈ 3.4×10−4 c. Note,
however, that this estimate for vmax applies only when
t⋆ < tU , where tU is the current age of the Universe; this
condition is fulfilled for M⋆ > M⊙. On the other hand,
if this criterion is violated, the stellar engine will not
be able to achieve v ≈ vmax in reality. Since the thrust
generated by Class A and Class C engines is comparable
(Badescu & Cathcart 2006, Section 3), the same upper
bound also applies to the latter.
Let us consider a generalized stellar engine wherein a
fraction ε of the total energy radiated by the star is har-
nessed to propel it. In this case, from the conservation
of energy, we obtain (Hooper 2018, Equation 2.3):
v ≈ 1.2× 10−2 c
√
ε
(
∆t
1Gyr
)1/2(
L
L⊙
)1/2(
M⋆
M⊙
)−1/2
,
(6)
and we can calculate the maximum velocity by invoking
the relation ∆t ≈ t⋆ from earlier, which yields
vmax ≈ 3.8× 10−2 c
√
ε, (7)
and we reiterate that this speed is realizable in reality
only when M⋆ > M⊙. As opposed to energy conversion,
if the momentum of radiation is harnessed, the scaling
and magnitude of v are akin to (5).
We can, however, conceive of more sophisticated sys-
tems. Let us suppose, for instance, that instead of uti-
lizing energy, the putative extraterrestrial intelligence
(ETI) was extracting mass at a constant rate (denoted
by M˙⋆); this process has been termed “mass lifting”
(Criswell 1985). The mass thus acquired is presumed
to be converted into energy at an efficiency µ via the
mass-energy relationship. In this event, provided that
M˙⋆∆t ≪ M⋆ to ensure the mass is roughly constant,
the speed achieved is estimated as
v =
√
2µc2M˙⋆∆t
M⋆
. (8)
In place of working with two variables in the above ex-
pression, we can rewrite it as follows: we suppose that
ETI modulates its mass extraction and energy conver-
sion such that M˙⋆∆t = ζM⋆ with ζ ≪ 1, i.e., the ETI
ensures that the star’s mass is not significantly depleted
after the interval ∆t.1 A crude upper bound on ζ is 0.1
(larger values would result in non-negligible stellar mass
loss), which consequently yields a maximum speed of
vmax ≈ 4.5× 10−1 c
√
µ
(
ζ
0.1
)1/2
. (9)
1 The depletion of stellar mass, among other things, may aid in
controlling the stellar luminosity, and thereby mitigating the shift
of the habitable zone around the star over time.
Alternatively, instead of using the energy of radiation,
we could envision harnessing the momentum. In this
case, we would have M⋆v ≈ (ζµM⋆c2)/c by momentum
conservation, thus obtaining
vmax ≈ 0.1 c µ
(
ζ
0.1
)
, (10)
in the same manner as (9); for µ ≪ 1, it is apparent
that this velocity drops below that of (9).
It is necessary to examine the potential values of µ fur-
ther. In the canonical case of the proton-proton chain
reaction to yield helium, it is well-known that µ ≈ 0.7%.
Thus, it would appear as though (9) is comparable to
(7) prima facie. It is worth mentioning, however, that
efficiencies of < 42% are predicted for black holes by
general relativity (Novikov & Thorne 1973). Thus, if
the stellar engine is a binary with one of the objects be-
ing a black hole, it is conceivable that µ ∼ 10% could
be effectuated, although the subsequent pathway to im-
parting thrust to the binary system remains indetermi-
nate. Even setting aside this option, we remark that
ETIs with the technological wherewithal to build stellar
engines might find methods to raise µ by an order of
magnitude or so compared to the proton-proton chain.
In case µ ∼ 0.1 can be effectuated through a suitable
avenue, the above formula leads to vmax ∼ 0.1 c.
The above analysis, however, ignored the fact that a
continual mass loss ought to result in a rocket effect. In
theory, we can also conceive of thrusters propelled by
jets in stellar and compact object systems. The final
velocity is straightforward to calculate when the rocket
equation holds true (Tsiolkovsky 1903):
v = vex ln
(
Mi
Mf
)
, (11)
where Mi and Mf are the initial and final masses of
the star, whereas vex is the velocity at which the pro-
pellant is expelled. If one considers vex that is a few
times higher than the stellar escape velocity, or equiva-
lently the stellar wind velocity, and choose a mass ratio
of ∼ 10, we would end up with v ∼ 0.01 c. It should
be noted that this setup calls for an increase in the ex-
haust velocities by only a factor of order unity compared
to current designs (Cassibry et al. 2015; Wurden et al.
2016). From a conceptual standpoint - although they
are not readily implementable with current human tech-
nology - relativistic rockets reliant on hydrogen (or
its isotopes) as the fuel have the capacity to reach
weakly relativistic exhaust velocities (Winterberg 2019;
Holmlid & Zeiner-Gundersen 2020); in this context, the
realization of vmax ∼ 0.1 c does not seem wholly impos-
sible.
We point out that two recent designs for stellar en-
gines have examined the aforementioned phenomena in
more detail (Caplan 2019; Svoronos 2020). In the so-
called “Star Tug” proposed in Svoronos (2020, Figure
41), mass lifting is used to extract matter from a Sun-like
star, which is converted into propellant by an engine lo-
cated at a given distance. This propellant is employed
to generate thrust that overcomes the gravitational force
between the engine and the star, and causes the acceler-
ation of the system. At perfect efficiency, the Star Tug
achieved vmax ≈ 0.27 c in a few Gyr, whereas lowering
the efficiency to 20% still enabled a velocity of 0.1 c to
be achieved in approximately 10 Gyr. The Star Tug
achieved an asymptotic acceleration of ∼ 10−7 m s−2
at perfect efficiency when the engine was situated far
away from the star, but this value dropped by nearly
two orders of magnitude at 20% efficiency.
Lastly, once the stellar engine has begun accelerating
and its passage through the interstellar medium is un-
derway, it may be feasible to make use of other propul-
sion systems to generate additional thrust and couple
them to the stellar engine. The interstellar ramjet,
which scoops up interstellar material and converts the
accrued matter into fuel, is one such possibility (Bussard
1960; Long 2011). We will not delve into the technical
details of this putative coupling scheme, because ascer-
taining the engineering technologies adopted by hypo-
thetical advanced ETIs is indubitably constrained by
our current level of knowledge and vision.
To summarize, there appear to be plausible designs
for stellar engines that seem capable of achieving vmax ∼
0.01-0.1 c in principle. At the minimum, it may be ar-
gued that no compelling a priori grounds exist for dis-
missing the prospects for sub-relativistic stellar engines
based on fundamental principles.
3. CONSTRAINTS ON STELLAR ENGINES
In the preceding Section, we presented arguments as
to why even the fastest stars ejected from astrophysi-
cal systems are unlikely to have speeds of & 104 km/s
(0.03 c), whereas stellar engines could attain such ve-
locities. Hence, if one were to detect stars moving at
& 0.1 c, it would be strongly indicative of ETI activ-
ity and thus constitute a technosignature. The one false
positive that ought to be taken into consideration is that
a star moving at & 0.1 c may have an extragalactic ori-
gin because of ejection during binary SMBH interactions
(Guillochon & Loeb 2015), as explained in Sec. 2.1. A
combination of precise astrometry and chemical tagging
should, however, aid in distinguishing between extra-
galactic and Galactic hypervelocity stars. This proce-
dure was utilized to pinpoint the origin of HVS 3 from
the Large Magellanic Cloud (Erkal et al. 2019).
The Gaia mission was designed to accurately pin
down the positions and radial velocities of ∼ 109
stars in the Milky Way. Gaia DR-1 and DR-2
have already yielded a wealth of data on this front
(Gaia Collaboration et al. 2016, 2018). As a rigorous
assessment of the origin of hypervelocity stars requires
knowledge of their total velocity (Brown 2015), it is
necessary to measure both their radial and tangential
components. Gaia DR-2 has provided radial velocity
information about 7 million stars (Katz et al. 2019).
A number of studies have already combed through
this sample to unearth evidence for hypervelocity stars
(Bromley et al. 2018; Hattori et al. 2018; Du et al. 2019;
Marchetti et al. 2019; Boubert et al. 2019; Caffau et al.
2020; Li et al. 2020). To the best of our knowledge, the
fastest hypervelocity star from any survey is S5-HVS1
from the Southern Stellar Stream Spectroscopic Survey
with a velocity of ∼ 6 × 10−3 c (Koposov et al. 2020),
while HVS 22 from the Multiple Mirror Telescope survey
exhibits a similar velocity of ∼ 5×10−3 c (Kreuzer et al.
2020).
Thus, it would seem a safe bet to contend that all
searches conducted to date have failed to yield concrete
evidence of sub-relativistic stellar engines. This datum
enables us to derive the following constraint:
Nsurv · fT · fSE < 1, (12)
where Nsurv represents the number of stars collectively
encompassed by all astrometric surveys, fT denotes the
fraction of all stars that host ETIs with human-level
technology,2 and fSE embodies the fraction of all human-
level ETIs that subsequently achieve the capability and
intent to deploy sub-relativistic stellar engines. Given
that Gaia DR-2 furnished relevant data for 7 million
stars, we may set Nsurv ∼ 107, from which we obtain
fT · fSE < 10−7
(
Nsurv
107
)−1
, (13)
and once the Gaia mission is complete, assuming that
no stellar engines are found, we would end up with the
potentially tightest limit of fT · fSE < 10−9 for speeds
& 0.01 c. As these constraints are quite stringent, it is
worth elucidating the implications below.
• The first possibility is that fT is exceptionally
small. In this case, the prevalence of human-
level ETIs would be commensurately low. This
could arise due to any number of evolution-
ary bottlenecks ranging from abiogenesis to com-
plex multicellularity to technological intelligence
(Smith & Szathmary 1995; Lingam & Loeb 2021).
• In the second case, fSE may be minuscule, but
fT may have a moderate magnitude. There are,
however, different scenarios at play here. On the
one hand, ETIs might have a short technological
lifetime and become extinct before they reach the
stage where they can build stellar engines. On
the other hand, it could very well be that weakly
relativistic stellar engines have hidden engineering
2 The reason we use human-level technology as the benchmark is
not because we are “special”, but because it constitutes a sign-
post that is familiar to us.
5obstacles that render their construction impossi-
ble, or that ETIs possess the capability to build
them but opt not to do so for other reasons.
• In the third outcome, both fT and fSE are both
very small. This situation does not warrant sepa-
rate explication, because it represents an amalga-
mation of the above two points.
To differentiate between, and indeed shed light on,
the diverse outcomes demarcated above, the practical
importance and necessity of carrying out searches for
biosignatures and technosignatures on multiple fronts is
self-evident (Frank 2018; Haqq-Misra et al. 2020).
There is a fourth option that deserves to be mentioned
at this juncture. In theory, it is possible that stellar en-
gines might already exist in the Milky Way, but that
these putative megastructures are operating at veloci-
ties that fall within the bounds of known hypervelocity
stars. In this setting, distinguishing between them and
naturally occurring hypervelocity stars would be an ex-
tremely challenging endeavour. We will not explore this
scenario further because it calls for additional assump-
tions about the preferred trajectories of stellar engines,
and this requires an understanding of the motives of pu-
tative ETIs, which is wholly unknown.
Before moving ahead, we note that stellar engines are
potentially capable of accelerating at ∼ 10−9 m s−2
(Caplan 2019; Svoronos 2020). In contrast, the cen-
tripetal acceleration of the Sun is ∼ 10−10 m s−2. Thus,
in principle, detecting anomalously high stellar acceler-
ations might also be indicative of stellar engine activity,
although we caution that the ratio of the two accelera-
tions (i.e., an order of magnitude) is not strikingly large.
4. CONCLUSION
We examined various mechanisms for the ejection of
stars at high speeds, and concluded that stars ejected in
the Milky Way are very unlikely to attain speeds over
& 104 km/s (0.03 c) by any known natural astrophysical
phenomena. Next, we considered some proposed designs
for stellar engines, i.e., propulsion systems engineered
by advanced ETIs to accelerate stars. We argued that
speeds of ∼ 0.01-0.1 c may be potentially achievable by
stellar engines under optimal circumstances.
Based on the above premises, we examined current
surveys for hypervelocity stars including the recent Gaia
DR-2 sample. In light of existing studies, we con-
cluded that no stars have been identified at velocities of
& 0.01 c, thereby effectively ruling out the existence of
stellar engines moving at sub-relativistic speeds. Taken
at face value, the Gaia DR-2 data implies that fewer
than one in ∼ 107 stars is propelled to speeds & 0.01 c
by stellar engines. Based on these constraints, we out-
lined a few possibilities concerning the distribution of
life and ETIs in our Galaxy.
In the future, it would be worthwhile to pursue
the search for stars with anomalously high velocities
(& 0.03 c). This strategy is advantageous for two chief
reasons. First, it does not necessitate any new re-
sources, since it can readily piggyback on surveys like
Gaia. Second, if we do stumble upon stars moving
at such anomalously high speeds, their origin would
be of great interest and significance irrespective of
whether they have an artificial basis or not. In this
regard, this search exemplifies the philosophy underpin-
ning the so-called “ First Law of SETI Investigations”
proposed by the late Freeman Dyson: “Every search
for alien civilizations should be planned to give in-
teresting results even when no aliens are discovered.”
(NASA Technosignatures Workshop Participants
2018), which itself echoes the earlier sentiments es-
poused by Frank Drake in a neglected early treatise
(Drake 1965, pg. 342): “Thus, any project aimed at the
detection of intelligent extraterrestrial life should simul-
taneously conduct more conventional research.”3 Thus,
in both these respects and a few others, this search for
technosignatures may score highly on the axes of merit
adumbrated in Sheikh (2020).
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